Scanner imaging systems, aircraft by Ungar, S. G.
5.4 SCANNER I M A G I N G  SYSTEMS, AIRCRAFT 
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NASA/Goddard I n s t i t u t e  f o r  Space S t u d i e s  
With t h e  a d v e n t  o f  advanced s a t e l l i t e - b o r n e  s c a n n e r  s y s t e m s ,  
t h e  g e o m e t r i c  and r a d i o m e t r i c  c o r r e c t i o n  o f  a i r c r a f t  s c a n n e r  d a t a  
h a s  become i n c r e a s i n g l y  i m p o r t a n t .  These c o r r e c t i o n s  a r e  needed t o  
r e l i a b l y  s i m u l a t e  o b s e r v a t i o n s  o b t a i n e d  by such  s y s t e m s  f o r  
purGoses o f  e v a l u a t i o n .  T h i s  pape r  r ev iews  t h e  c a u s e s  and e f f e c t s  
o f  d i s t o r t i o n  i n  a i r c r a f t  s c a n n e r  d a t a  and d i s c u s s e s  an  approach  t o  
r educe  d i s c o r t i o n s  by mode l l ing  t h e  e f f e c t  o f  a i r c r a f t  motion on 
t h e  scanner  scene. 
Causes  o f  D i s t o r t i o n  
B o t h  t h e  l o c a t i o n  o f  an  o b s e r v a t i o n  ( o r  p i x e l )  on t h e  ground 
and t h e  t a r g e t  a r e a  ( f o o t p r i n t )  c o n t a i n e d  w i t h i n  t h e  i n s t a n t a n e o u s  
f i e l d  of  v iew ( I F @ V )  o f  t h e  s e n s o r  sys tem a r e  governed  by t h e  
f o l l o w i n g  t h r e e  f a c t o r s :  a i r c r a f t  p o s i t i o n ;  a i r c r a f t  a t t i t u d e ;  and 
s e n s o r  sys tem can  a n g l e .  T e r r a i n  r e l i e f  may i n t e r a c t  w i t h  
a ; r c r a f t / s c a n n e r  geometry  t o  f u r t h e r  c o m p l i c a t e  d e t e r m i n a t i o n  o f  
pixc: p o s i t i o n  and f o o t p r i n t  i n  p l a n a r  c o G r d i n a t e s .  F G F  pu rposes  
o i  + k i s  d i s c u s s i o n ,  w e  s h a l l  a d d r e s s  o n l y  c a s e s  i n  w h i c h  t h e  
te  r a i n  e f f e c t s  a r e  n e g l i g i b l e .  
W r i n g  t h e  a c q u i s i t i o n  o f  a s i n g l e  s c a n  l i n e ,  t h e  s c a n  p a t t e r n  
on t h e  ground is l a r g e l y  a f u n c t i o n  o f  t h e  s c a n  geometry  convo lu ted  
w i t h  t h e  a t t i t u d e  o f  t h e  a i r c r a f t .  i t  is c o n v e n i e n t  t o  
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c h a r a c t e r i z e  an  a i r c r a f t ' s  a t t i t u d e  ( o r i e n t a t i o n )  i n  terms o f  a 
f u s i l a g e  a x i s  and a wing a x i s .  The f u s i l a g e  a x i s  pas ses  from t a i l  
t o  n o s e  th rough  t h e  a i r c r a f t ' s  c e n t e r  o f  g r a v i t y .  The wing a x i s  
p a s s e s  th rough  t h e  c e n t e r  o f  g r a v i t y  p a r a l l e l  t o  t h e  wing s u r f a c e .  
The  o r i e n t a t i o n  o f  t h e  f u s i l a g e  a x i s  is e x p r e s s e d  i n  s p h e r i c a l  
pc;lar c o o r d i n a t e s  a s  f o l l o w s :  t h e  a n g l e  o f  r o t a t i o n  e a s t  o f  n o r t h  
a b o u t  a v e r t i c a l  a x i s  (c lockwise  r o t a t i o n  l o o k i n g  down a t  a i r c r a f t )  
is c a l l e d  heading  ( 4 ) ;  t h e  a n g l e  o f  t h e  nose above t h e  h o r i z o n t a l  
is c a l l e d  t h e  p i t c h  ( e ) .  An a d d i t i o n a l  a n g l e ,  r o l l  : p ) ,  is  
r e q u i r e d  t o  s p e c i f y  t h e  f i n a l  o r i e n t a t i o n  of  t h e  wing a x i s  and is 
measured by t h e  d e g r e e  o f  c lockwise  r o t a t i o n  o f  t h e  a i r c r a f t  a b o u t  
t h e  f u s i l a g e  a x i s  l o o k i n g  towards  t h e  nose. S i n c e  t h e  a i r c r a f t  
s c a n n e r  s y s t e m s  t r e a t e d  h e r e  r o t a t e  i n  a p l a n e  p e r p e n d i c u l a r  t o  t h e  
f u s i l a g e  a x i s ,  r o l l  c a n  be  combined w i t h  t h e  s c a n n e r  o r i e n t a t i o n  t o  
d e t e r m i n e  t h e  e f f e c t i v e  s c a n  a n g l e  T h e  s c a n  a n g l e  (9) is  t h e  l o o k  
a n g l e  o f  t h e  s e n s o r  measured c l o c k w i s e  from a d i r e c t i o n  m u t u a l l y  
p e r p e n d i c u l a r  t o  t h e  f u s i l a g e  and wing a x i s  ( i . e . ,  t h e  n a d i r  
d i r e c t i G n  f o r  an a i r c r a f t  i n  l e v e l  f l i q h t ) .  T h e r e f o r e ,  t h e  
e f f e c t i v e  s c a n  a n g l e  may be e x p r e s s e d  a s  ( w e  = + q ) .  
Given t h e  a l t i t u d e  of t h e  a i r c r a f t  and  t h e  coordinates o f  
t h e  n a d i r  p o i n t  below t h e  a i r c r a f t ,  t h e  p o s i t i o n  of t h e  i n s t a n t a n e o u s  
v i e w p o i n t  o n  t h e  ground c a n  now be located i n  terms cf t h e  a t t i -  
t u d e  paiameters. Table 1 p r e s e n t s  t h e  de ta i led  f o r m u l a s  r e q u i r e d  
for  makii:g t h i s  c a l c u l a t i o n .  "h" i s  t h e  a l t i t u d e  of t h e  a i r c r a f t  
above t h e  ground,  Xo aiid Yo are t h e  c o o r d i n a t e s  a t  a i r c r a f t  n a d i r .  
We have selected a coordinate system in which the positive x- 
direction is east and the positive y-direction is south in order 
to conform to conventims found in most image processing systems. 
Impact of Aircraft Motion 
In principle, both the attitude and position of the aircraft 
changes during the acquisition of a scan line. However, contem- 
porary scanner systems actively gather image data only during a 
time interval of approximately 12 to 28 percent of the scan period. 
Typical scan periods range from 0.05 to 0.1 seconds. Therefore, 
in practice, changes in aircraft attitude may be considered 
negligible during the active portion of the scan. 
motion of the aircraft will introduce skew in the scan line 
The forward 
pattern which amounts to approximately one-tenth pixel displacement 
at the end of the scan line for contemporary systems. This corres- 
ponds to an angle of aboct 0.01 degrees. A viable geometric 
correction scheme need only update the aircraft's position once 
per scan line, specifying the aircraft coordinates at $ = 0. 
Rectification of Scanner Data 
Table 1 outlines a nethod for rectifying aircraft scanner 
observations in cases where reliable navigational data is available. 
A s  previously discussed, the first half of the table relates the 
planar coordinates of the pixel to the navigational parameters for 
a given nadir location (Xo,Yo). 
an integration scheme fo r  updating the nadir position during the 
The remainder of Table 1 describes 
course of the flight. The scheme is valid for  situations ir. which 
navigational data is available at time intervals wnich are com- 
parable or less than the scan period. The values of all naviga- 
tional parameters including aircraft velocity may be estimated 
at the center of each scan (w = 0) by cubic interpolation as 
indicated in Step 2. Fkally, the aircr?fL nadir displacement 
in both the x and y-directions between scans may be calculated as 
indicated in Step 3 .  For roll-compensated systems, the scan mirror 
moves with a constant "inertial" velocity and At represents the 
period of (JI, = p -t $ ) .  
to the equations in Table 1 are equivalent to assuming p =: 0 at 
Under these circumstances, the solutions 
all time? and dropping that term out of the analysis. 
Simulated Fliuht 
The impact of variations in flight parameters on aircraft 
scanner imagery can best be illustrated by simulc!ting a flight 
over a geometrically regulsr pattern and varying the flight para- 
meters in a controlled way. The simulated scanner system selected 
for this study is patterned after NASA's NSOOl scanner systni 
flown onbQard a (2130 aircraft. Nominal flight and scanner para- 
meters are given in Table 2. Simulated flights are conducted over 
a checkerboard pattern consisting of half mile square sections 
(appraximately 800 meters x 800 meters). Figures ~(A-L) show 
the results of such flights with flight parameters deviating from 
the nominal values as specified. The left portion of each 
figure displays the scan system pattern projected on the ground 
as follows: the "footprint" for each obserJativn alony every 
90th scan line is represented as 3 plotting point; in addition, 
the footprints of observations on every scan line are plotttd at 
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1 0  d e g r e e  i n t e r v a l s  ( f rom -50 t o  +50 d e g r e e s ) .  The s c a n n e r  
"image",  c o n s i s t i n g  of radiometric v a l u e s  o f  the  s i m u l a t e d  
checke rboa rd  t e r r a i n ,  i s  d i s p l a y e d  i g  s c a n n e r  coordiaates ( p i x e l  
p o s i t i o n ,  s c a n  l i n e )  t o  t h e  r i g h t  of i t s  correL>, . .d ing  ground 
p a t t e r n .  
For a g r i c u l t u r a l  a p p l i c a t i o n s ,  i t  i s  i n s t r u c t i v e  t o  draw 
a n  a n a l o g y  between t h e  checke rboa rd  s q u a r e s  and f i e l d  b o u n d a r i e s .  
F i g u r e  l ( A )  r e p r e s e n t s  a n  ideal case of t h e  a i r c r a f t  f i y i n g  from 
n o r t h  t o  s o u t h ,  paral le l  t o  f i e l d  b o u n d a r i e s , w i t h  a l l  p a r a m e t e r s  
f i x e d  a t  c o r s t a n t  a l t i r u d c .  The f o r e s h o r t e n i n g  o f  f i e l d s  a t  
t h e  e d g e s  of  t h e  f l i g h t l i n e  i s  dC3  t o  t h e  o b l i q u e  look .ngle  a t  
t h e  e n d s  of t h e  scan .  I n  F i g u r e  1 ( B ) ,  w e  i n t r o d u c e  a d r i f t  
(vx component) i n  t h e  a i r c r a f t  motion w h i l e  ker.?ing t h e  h c : d i n g  
( o r i e , i t a t i o n )  of t h e  a i r c r a f t  n o r t h - s o u t h  ( i n  p o s i t i v e  y . i r e t i o n ) .  
Motion of  t h i s  s o r t  occtirs i n  s i t u a t i o n s  where a i r c r a f t  f l y i n g  
a t  f i x e d  h e a d i n g s  are pubject t o  s u b s t a n t i a l  c o n s t a n t  cross winds.  
The d r i f t  component i n t r o d u c e s  a skew i n  n o r t h - s o u t h  f i e l d  
b o u n d a r i e s  caused by the s h i f t  i n  x v a l u e  of t h e  n a d i r  c o o r d i n a t e s  
a l o n g  t h e  a i r c r a f t  ground track. F i g u r e  1 ( C )  i l l u s t r a t e s  a 
f l i g h t  w i t h  head ing  20  degrees w e s t  of scuch as opposed t o  due 
s o u t h .  T h i s  p roduces  a f l i g h t  p a t t e r n  i d e n t i c a l  t o  t h a t  of 
F i g u r e  1 ( A ) ,  b u t  rotated w i t h  r e s p e c t  t o  f i e l d  b o u n d x i e s .  The 
acconpanying  image shows t h e  t y F i c a l  S-shaped d i s t o r t i o n  i n  t h e  
f i e l d  b o u n d a r i e s  t h a t  i s  s o  c h a r a c t e r i s t i c  of l i n e a r  f e a t u r e s  
i n  a i r c ra f t  s c a n n e r  d a t a .  T h i s  o c c u r s  because the  r o a d  s e c t i o n s  
are no l o n g e r  a l i g n e d  w i t h  t h e  scan d i r e c t i o n ,  a l t h o u g h  t h e  
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d i s t o r t i o n  is  s t i l l  i n  t h e  s c a n  d i r e c t i o n .  F i g u r e  1 ( D )  p o r t r a y s  
t h e  impac t  of t h e  a i rcraf t  flying i n  a banked p o s i t i o n .  The s c a n  
c e n t e r  ground t r a c k  i s  d i s p l a c e d  20 degrees t o  t h e  w e s t  of t h e  
a i r c r a f t  n a d i r  g round t r a c k .  Many a i r c r a f t  s c a n n e r  s y s t e m s ,  
i n c l L d i n g  t h e  NS001, are " ro l l - compensz ted"  t o  m a i n t a i n  t h e  s c a n  
c e n t e r  a l o n g  t h e  a i r c r a f t  n a d i r  ground t r a c k .  
Many o f  t h e  d i s t o r t i o n s  i n  s c a n n e r  lmige ry  resblt l a r g e l y  
from variations i n  o z i e n t a t i o n  o f  t h e  a i r c r a f t  d u r i n g  t h e  f l i g h t .  
For example,  a change i n  p i t c h  r e s u l t s  l a r g e l y  i n  a Lixed Z i s p l a c e -  
ment a l o n g  t h e  ground t r a c k  such  t h a t  t h e  J i r c r a i t  is  l o o k i n g  
somewhat ahead o f  where it l r o r m a l l y  would.  I n  a d d i t i o n ,  each s c a n  
c o v e r s  a somewhat w ide r  swath  on t h .  g roLId .  However, v a r i a t i o n s  
i n  p i t c h  r e s u l t s  i n  d i s t o r t i o n s  such  as those d i s p l a y e d  i n  F i g u r e s  
1 ( E )  and 1 ( H ) .  I n  F i g u r e  1 ( E ! ,  t h e  p i t c h  v a r i = s  l i n e a r l y  f rom 0 
clegrees a t  t h e  s t a r t  of t h e  f . ' i gh t  segment  t o  20 d e g r e e s  a t  t h e  
end.  The most a p p a r e n t  e f f e c t  i s  t h e  widen ing  c o v e r a g e  i n  t h e  C,CL* 
d i r e c c i o n  h s  t h e  f l i g h t  p r o g r e s s e s .  I n  addition, t h e  chang ing  pitch 
a n g l e  c o n t r i b u t e s  t o  i n c r e a s i r . g  t h e  e f f e c t i v e  ground v e l o c i t y  
beyond v . Thus  t h e  d i s t P n c e  between s c a n  l j n e s  is i n c r e a s e d ,  
r e s u l t i n g  i n  a s q u e e z i n s  of f i e l d s  i n  the y - d i r e c t i o n  on t h e  s c a n n e r  
image. F i g u r e s  1 ( F )  and 1 ( G )  d i s p l a y  t h e  impac t  of similar t y p e  
v a r i a t i o n s  i n  head ing  and d r i f t ,  and i n  r o l l .  I n  particglar,  
Ficjure l ( F )  show5 t h e  combined effect  of a 1 0  d e g r e e  l i n e a r  var- ia-  
t i o n  i n  heading  and a 10  degree l i n e a r  v a r i a t i c n  i n  a i r c r a f t  
t r a c k i n g  a n g l e  due t o  d r i f t .  
Y 
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I n  g e n e r a l ,  a i i c r a f t  mo t ions  a r e  more complex t h a n  can  be 
a d e q u a t e l y  r e p r e s e n t e e  by a l i n e a r  v a r i a t i o n  o v e r  t h e  c o u r s e  of t h e  
f l i g h t .  T y p i c a l l y ,  mot ion  w i l l  be  o s c i i l a t o r y  i n  n a t u r e ,  s i n c e  i t  
is g e n e r a l l y  d e s i r a b l e  t o  c o r r e c t  d e p a r t u r e s  from nominPl f l i g h t  
parameters. F i g u r e s  1 ( H j  t h rough  1(L) p o r t r a y  t h e  e f f e c t s  of  
s i n u s o - d a l  v a r i a t i o n s  i n  s e l e c r e d  f l i g h t  parameters. I n  F i g u r e  
i ( H )  t h e  a i r c r a f t  nose  p i t c h e s  up t o  a maximum a n g l e  o f  20 d e g r e e s  
and t h e n  is b rough t  back down, p a s s i n g  th rough  t h e  h o r i z o n t a l ,  io a 
n e g a t i v e  p i t c h  a n g l e  of  20 d e g r e e s  and f i n a l l y  back t o  h o r i z o n t a l  
f l i g h t  by t h e  end c f  t h e  f l i g h t  segment.  The s c a n  p a t t e r n  n e a r  t h e  
c e n t e r  of t h e  f l i g h t  segment i n d i c a t e s  t h a t ,  a l t h o u g h  t h e  a i r c r a f t  
is moving forward t h e  c e n t e r  l i n e  o f  t h e  s c a p n e r  moves backward 
because o f  t h e  v a r i a t i o n  i n  p i t c h  r e s u l t i n g  i n  3 prolonged  v iewing  
p e r i o d  f o r  a r e a s  on  t h e  ground a t  t h i s  p o i n t  i n  t h e  f l i g h t .  T h i s  
is c l e a r l y  s e e n  by f i e l d  d i s t o r t i o n s  i n  t h e  accompacying image. 
F i g u r e  l!; shows t h e  r e s u l t  of s i m i l a r  v a r i a t i o n  i n  head ing .  T h e  
t u r n i n g  of t h e  a i r c r a f t  c a n  c a u s e  t h e  e d g e s  o f  t h e  scan l i n e  t o  
move backward w i t h  r e s p e c t  t o  forward  mot ion  of  t h e  a i r c r a f t  d u r i n g  
p o r t i o n s  of  t h e  f l i g h t  segment.  T h i s  can  r e s u l t  i n  a r a t h e r  
d i s t o r t e d  image s i n c e  t h e  same a r e a  on  t h e  ground may b e  viewed 
more t n a n  once  d u r i n g  t h e  f l i g h t  segment.  I n  e f f e c t ,  a t  t h e  t ime 
t h e  a i r c r a f t  is e x s e r i e n c i n g  i t s  maximum change i n  head ing ,  i t  may 
be c o n s i d e r e d  as moving p e r p e n d i c u l a r  t o  a r a d i d s  of  c u r v a t u r e  
l y i n g  a l cng  t h e  s c a n  d i r - p t i o n .  Ground a -  . a s  nea r  t h e  c e n t e r  o f  
c u r v a t u r e  ;Jill be o b s c  t - . c  r e p o a t e d i y  w h i l e  t h e  edge of t h e  s c a n ,  
beyond t h e  r a d i u s  of t h e  C u r v a t u r e ,  w i l l  be covered  i n  r e v e r s e  
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d i r e c t i o n  ( f rom south t o  n o r t h )  d u r i n g  t h a t  p o r t i o n  of t h e  f l i g h t  
segment.  As t h e  v a r i a t i o n  i n  heading  is i a d u c d  t h e  normal forward  
mot ion  of t h e  a i r c r a f t  w i l l  f o r c e  t h e  s c a n  c o v e r a g e  a t  t h e  edge t o  
once  a g a i n  proceed from n o r t h  t o  s o u t h  dorlbl ing back over t h e  area 
covered .  I n  f a c t ,  some area5 n e a r  t h e  edge of t h e  s c a n  l i n e  may be 
obse rved  as many a s  three times d u r i n g  t h e  c o u r s e  o f  t h e  f l i g h t  
segrcent. T h i s  c r e a t e s  a r a i h e r  s i g n i f i c a a t  problem i n  a t t e m p t i n g  
t o  r e c a p t d r e  o r  c o r r e c t  for  radiometric v a l u e s ,  even i n  tile 
s i t u a t i o n s  where the s c a n n e r  geometry is well-known. 
As c a n  be s e e n  i n  F i g u r e  1 (J ) ,  v a r i a t i o n s  i.n t h e  a i rc raf t  
t r a c k i n g  a n g l e  equal t o  t h o s e  o c c u r r i n g  i n  F i g u r e  l(1) c a n  be 
o b t a i n e d  by v a r y i n q  t h e  drift angle. 
i n  F i g u r e  l(1) i s  i d e n t i c a l  t o  t h a t  o f  1 (J ) .  However, i n  1(J! 
t h e  o r i e n t a t i o n  of t h e  a i rcraf t  is  m a i n t a i n e d  c o n s t a n t  and t h e  
s c a n  p a t t - r n  is  c o n s e q u e n t l y  much simpler, w i t h  n o  c r o s s i n g  of 
scan l i n e s .  F i g u r e  1 ( K )  d i s p l a y s  a s i t u a t i o n  i n  which t n e  head ing  
and d r i f t  are v a r y i n s  s i m u l t a n e o u s l y  i n  a manner such that t h e  
t r a c k i n \ :  a n g l e  v a r i a t i o n  is i d e n t i c a l  t o  t h a t  of F i g u r e s  1(I! 
a:;f l ( J ) .  Once a g a i n ,  i t  is  d i f f i c u l t  t c  e s t a b l i s h  a one-to-one 
niipping between a c t u a l  g round  c o o r d i n a t e  radiometric values and 
t h e  v a l u e s  which a p p e a r  i n  t h e  s c a n n e r  j..magc. F i g u r e  1 ( L j  par t rays  
a s i n u s o i d a l  v a r i a t i c n  i n  r o l l  a n g l e ,  b e g i n n i n g  from level f l i g h t ,  
banking  t o  20 d e g r e e s  below the hor izor ,  i n  t h e  w e s t ,  acd r e t u r i n g  
t o  level f l i g h t .  I n  t h i s  i n s t a n c e ,  t h e  f l i g h t  secjnent is  f lown 
i n  t h e  t i m e  equal t o  t h e  half p e r i o d  of t h e  s i n u s o i d a l  v a r i a t i o n .  
The scan c e n t e r  ground track 
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In s\inn?ary, if sufficient navigational information i s  
available, aircraft scanner coordinates may be related very 
precisely to planimetric ground coordinates using the approach 
outlined in Table 1. However, the potential for a multi-value 
remapping transiormation ( i . e . ,  scan lines crossihg each ctherl, 
addsan inherent uncertainty,to any radiometric resampling scheme, 
which is dependent on the precise geometry of the scan and ground 
pattern. 
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ORIGINAL PAGE 1s 
OF POOR QUP'.ITY 
TABLE 1 
where: X, . mdir coordinates 
At .scan period p= roll 
8:  pitch $=scan angle 
+I 1. heading h altitude 
8 =drift v t ground speed 
WDATING X.,& WTH NAVIGATION DATA ( NERDAS) 
(1) Find naanrt obswvation timos froin NERDAS 
t,=ist,., where: i*INT ((t-&)/f+l] 
f =frequency of abseruation 
(2) Objoin valuas for oach scan by cuMc Intorpolotion 
- . . I  p 
L\ij i 5 Q 1" 
where: il represents (e.4.S. p.h, or v ]  
usinq NERWS values for Ut,) i-is b i t 2  
sdve for a. n = O .  ... 4 
where: Z represents v ;n($*t)or -v cosi+*81 
md a, is determined b, iechnique used in step (2)  
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0R:GINAL PAGE IS 
OF POOR QUALITY 
TABLE 2 
SIMULATED NSOOl FLIGHT 
NOMINAL FLIGHT PARAMETERS 
DRIFT 6, = 0" 
HEACING 9, = 180" 
PITCH 80 = 0" 
ROLL Po = 0" 
GROUND SPEED "G = 280 KNOTS 
ALTITUDE H = 25,400 FEET 
SCAN ANGLE - 50" < '4' < 50" 
SCAN FRES, F = 15 RPS 
I FOV a= 2,s MR 
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